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Volek, Jeff S.„ William <J. Kraemer, Martyn IL Rubin, 
Ana L, Gomez, Nicholas A- Ratamess, and Paula Gay- 
Hor. L-Carnitine L-tartrate supplementation favorably af- 
fects markers of recovery from exercise stress. Am J Physiol 
Endocrinol Metab 282: E474-E482, 2002; 10.1152/ajpendo. 
00277.2001. — We examined the influence of L-carnitine 
L-tartrate (LCLT) on markers of purine catabolism, free 
radical formation, and muscle tissue disruption after squat 
exercise. With the use of a balanced, crossover design (1 wk 
washout), 10 resistance-trained men consumed a placebo 
or LCLT supplement (2 g L-carnitine/day) for 3 wk before 
obtaining blood samples on six consecutive days (Dl to 
D8). Blood was also sampled before arid after a squat 
protocol (5 sets, 15-20 repetitions) on D2. Muscle tissue 
disruption at the midthigh was assessed using magnetic 
resonance imaging (MRI) before exercise and on D3 and 
D6, Exercise-induced increases in plasma markers of pu- 
rine catabolism (hypoxanthine, xanthine oxidase, and se- 
rum uric acid) and circulating cytosolic proteins (myoglo- 
bin, fatty acid-binding protein, and creatine kinase) were 
significantly (P =s 0.05) attenuated by LCLT. Exercise- 
induced increases in plasma malondialdehyde returned to 
resting values sooner during LCLT compared with placebo. 
The amount of muscle disruption from MRI scans during 
LCLT was 41-45% of the placebo area. These data indicate 
that LCLT supplementation is effective in assisting recov- 
ery from high-repetition squat exercise. 

hypoxia; ergogenic aid; resistance exercise; muscle damage 



given the obligatory kole of the carnitine system in 
transporting long-chain fatty acids to the mitochon- 
drial matrix for oxidation (16), it is not surprising that 
there has been a great deal of research examining the 
potenti al of carnitine supplementation to enh an ce lipid 
oxidation, spare muscle glycogen, and improve exercise 
performance (3, 10). Despite the theoretical basis for 
usage of carnitine, the scientific literature has provided 
few "metabolic" benefits of carnitine supplementation 
for skeletal muscle during exercise, perhaps because of 
the difficulty of increashig carnitine concentrations in 
muscle with oral supplementation (2, 25). Using a 
different approach to study the effects of carnitine 
supplementation, Giamberardino et al. (7) demon- 
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strated that eccentric exercise-induced delayed-onset 
muscle soreness and accumu ation of creatine kinase 
during recovery was attenua ed in subjects that sup- 
plemented with L-carnitine (; 5 g/day for 3 wk). Their 
findings indicate that carnitii ie supplementation may 
have a favorable effect on rec jvery from exercise. The 
study by Giamberardino et al., however, provided no 
data regarding potential mechanisms to explain the 
beneficial effect of carnitine supplementation. 

This study was designed to further examine the role 
of carnitine supplementation in acute exercise stress 
and its influence on biochem: cal events during recov- 
ery. Carnitine has been show a to stimulate fatty acid 
oxidation in vascular endothe] ial cells (14). Ischemia in 
endothelial cells results in "elease of carnitine, in- 
creased oxidative stress, and compromised blood flow 
regulation, which can be overcome by intravascular 
carnitine admhiistration (5, 35). Our working hypoth- 
esis was that carnitine suppi mentation could protect 
against carnitine deficiency in vascular endothelial 
cells and thereby improve blood flow regulation and 
delivery of oxygen to muscle tissue during and after 
exercise (18). The enhanced >xygen delivery was hy- 
pothesized to reduce the magr itude of exercise-induced 
hypoxia and thus attenuate tJ ie cascade of events that 
lead to purine catabolism, free radical formation, mem- 
brane disruption, and muscle soreness. 

The biochemical events thf t occur with intense ex- 
ercise are multiple and complc x and involve catabolism 
of purines, generation of reac tive oxygen species, and 
disruptioxi of cell membranes. Performance of exercise 
with a strong eccentric eompo tient results in transient 
episodes of hypoxia, breakdo^; m. of ATP, accumulation 
of ADP within the smooth m iscle of the precapillary 
sphincter, and activation of t ie enzyme adenylate ki- 
nase (24). Adenylate kinase c; italyzes the formation of 
ATP and AMP from two mole axles of ADP. Accumula- 
tion of AMP leads to the for [nation of hypoxanthine 
that diffuses out of the capill xry endothelial cell (24). 
Hypoxia induced by exercise above maximal oxygen 
consumption also causes a mismatch between ATP 
supply and demand, resulting in the malfunction of 
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ATP-dependent calcium pumps and intracellular accu- 
mulation of calcium (24). Hie increase in cellular cal- 
cium activates calcium-dependent proteases that lead 
to the proteolytic cleavage of a portion of xanthine 
dehydrogenase, converting it to xanthine oxidase (22). 
Recent work by Hellsten et al. (11) provides evidence 
for an increase in xanthine oxidase in human vascular 
cells of skeletal muscle after exercise. Xanthine oxidase 
then catalyzes the formation of xanthine from hypo- 
xanthine and converts it to uric acid during intense 
exercise (12). These reactions use molecular oxygen as 
an electron acceptor and form the superoxide radical. 
The superoxide radical can combine with iron and form 
reactive hydroxy radicals that attack polyunsaturated 
fatty acids in cell membranes and initiate a chain of 
lipid peroxidation reactions that are the basis for part 
of the membrane disruption associated with exercise. 
Lipid peroxidation results in the formation of numer- 
ous aldehydes of different chain lengths, such as the 
3-carbon product malondialdehyde (MDA), which has 
been shown to increase with dynamic resistance exer- 
cise (19, 20). The disruption to the cell membrane 
results in leakage of cytosolic proteins into the circu- 
lation, such as creatine kinase (19), myoglobin, and 
fatty acid-binding protein (FAJBP; see Ref. 26). 

The primary purpose of this study was to examine 
the effects of ^carnitine l -tartrate (LCLT) supplemen- 
tation on the magnitude of skeletal muscle disruption 
associated with the performance of moderate-intensity 
concentric/eccentric squat exercise. We measured sev- 
eral intermediate and end-point biochemical markers 
to assess the validity of our working hypothesis that 
carnitine, acting via an endotheliai-mediated blood 
flow regulatory mechanism, could reduce catabolism of 
purines, free radical formation, sarcolemma disrup- 
tion, and perceived soreness. 

METHODS 

Experimental design. This study involved a balanced, 
crossover, placebo-controlled research design that examined 
the effects of LCLT on markers of recovery after concentric/ 
eccentric squat exercise. Subjects were matched for pretest- 
ing clinical values, activity background, nutritional patterns, 
and body size and then randomly assigned to either an LCLT 
or placebo group in a double-blind fashion. After 3 wk of 
supplementation (2 g L-carnitine/day), fasting morning blood 
samples were obtained on six consecutive days (D1-D8). Sub- 
jects performed a concentric/eccentric squat protocol (5 sets 
of 15-20 repetitions) on D2. During the squat protocol, blood 
samples were obtained preexercise and 0, 15, 30, 120, and 
180 min postexercise. After a 1-wk washout period, subjects 
consumed the other supplement for a 3-wk period and per- 
formed the exact same procedures. 

Subjects. Ten healthy, recreationally weight- trained men 
with a mean ± SD age 23.7 ± 2.3 yr, weight 78.7 ± 8.5 kg, 
and height 179.2 ± 4,6 cm served as subjects. All subjects 
were required to be engaged in a weight-training program 
that included the squat exercise for 1 yr before the study to 
exclude individuals that would experience a high degree of 
damage to the quadriceps in response to squatting for the 
first time. Subjects continued their normal training with the 
exception of the time period between Dl and D8 during which 
they were not allowed to train. All subjects were informed of 



the purpose and possible risks i >f this investigation before 
signing an informed consent doc\ ment approved by an insti- 
tutional review board, 

Supplementation protocol. Sa ijects were provided with 
capsules of either l-CARNIPURI ; LCLT (Lonza, Fair Lawn, 
NJ) containing 738 mg LCLT (50( mg L-carnitine and 236 mg 
L-tartrate) or an identical-lookin g placebo (powdered cellu- 
lose) with written instructions to consume two capsules with 
breakfast and lunch for a total > lose of 2 g L-carnitine/day. 
Supplementation commenced 3 v k before the squat protocol 
and continued through recovery. This dose of carnitine was 
chosen to maximize plasma carni ;ine concentrations without 
exceeding the renal threshold foi carnitine (8, 23). 

Exercise protocol, The squat 5xerd.se protocol was per- 
formed on a Plyometric Power Sj stem (PPS; Lismore) previ- 
ously described in detail (29). B iefiy, the PPS allows only 
vertical movement of the bar. L near bearings attached to 
either end of the bar allow it to s [ide up and down two steel 
shafts with a minimum of fricion. We determined each 
subject's one-repetition maxiniur i (1-RM) in the squat exer- 
cise 1 wk before any supplement ttion using standard proce- 
dures in our laboratory (17). Pilo' studies involving different 
exercise loads and magnetic reso lance imaging (MPJ) scans 
were performed to determine i n exercise intensity that 
would elicit muscle tissue disrup ion but not severe damage 
to maximize the potential for LC jT to reduce hypoxia-medi- 
ated biochemical responses to ej ercise stress. The exercise 
protocol was performed in the ifternoon 3 h after lunch 
(reproduced by each subject duri rtg both exercise days) and 
3 h after the last dose of carnitine Ml D2. After a standardised 
warm-up (5 min of cycling), sub, sets performed five sets of 
15-20 repetitions of squat with i load equal to 50% of their 
previously determined 1-RM sqm t. There was a 2-min recov- 
ery between each set. The load vs ess decreased if <15 repeti- 
tions were performed. 

Perceived muscle soreness. P. in was assessed using a 
10-cin linear visual analog sea e with labels that corre- 
sponded to "no pain" and "exfaeme pain" on either end. 
Subjects marked their level of subjective pain along the 
continuum, and the distance was reported as the raw score. 
The visual analog method has be sn established as a reliable 
method for assessing pain (21). 

Muscle tissue disruption. Dim t assessment of muscle tis- 
sue disruption and repair was evaluated using MR! cross 
sections and spin-spin relaxatior time of the thigh muscles 
before the exercise test and 1 an< i 4 days postexercise using 
methods previously described in ietail (6). The same inves- 
tigator did all of the measuremer ts with a reliability of R = 
0.99, Scans were collected using x 0.3-Tesla open MR! mag- 
net (AIRIS 11; Hitachi Medical Sy stems America, Twinsburg, 
OH), and areas were measured v ith the National Institutes 
of Health (NIH) Macintosh comj uter program, NIH linage 
1.55b 20, a Macintosh Quadra 8( 0 computer, and a scanner 
(Microtek Scanner III). NIH Inn ge 1.55b 20 uses pixels of 
light to determine the area of ske etal muscle where damage 
occurs. 

Blood collections. Blood sample 3 were obtained on six con- 
secutive days at the same time c f the morning after a 12-h 
overnight fast and abstinence fioin alcohol and strenuous 
exercise. The last dose of carnil tne was consumed during 
lunch the day before each mornng blood draw (—18-20 h 
earlier). Subjects reported to the L tboratory between 7:00 and 
9:00 AM and rested quietly for 10 min in the supine position, 
and —30 ml of blood were obtain* d from an antecubital vein 
with a 20-gauge needle and Vacui ainers. On exercise days, a 
flexible catheter was inserted in 1 forearm vein, which was 
kept patent with a constant salin e drip (60 ml/h). Before all 
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Pig. 1. Serum total carnitine (A), free 
carnitine (B), and aeetylcarnitine (C) 
responses after 3 wk of either L-cansi- 
tine L-tartrate (LCLT) supplementa- 
tion or placebo. Fasting morning blood 
samples were obtained in the morning 
for six consecutive days (D1-D6). Blood 
samples were also obtained preexer- 
cise and 0, 15, 30, 120, and 180 min 
after 5 sets of 15-20 repetitions of 
squat exercise on D2. *P =s 0.05 from 
corresponding preexercise value. #P s 
0.05 between corresponding LCLT and 
placebo values. 




Postexerdse {min} 
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Fig. 2. 'lasma hjpoxanthine (A) and 
serum i ric acid (B) responses after 3 
wk of ei her LCLT supplementation or 
placebo. See Fig. 1 legend for descrip- 
tion. *P £ 0.05 from corresponding pre- 
exercise value. #P := 0.05 between cor- 
respond ng LCLT and placebo values. 



Posfexerciss (min) 



blood collections, 3 ml of blood were withdrawn and discarded 
fco avoid dilution of the sample, and —30 ml wore subse- 
quently withdrawn and placed in two 10-ml tubes with a clot 
activator and one 10-ml tube containing EDTA. A Q.o-rai 
aliquot of whole blood was mixed with 1 ml of 0.8 M perchlo- 
ric acid on ice for determination, of plasma lactate. Within 15 
min, whole blood was centrifuged (1,200 g for 15 mm at 
10"C), and the resultant serum/plasma was divided into 
aliquots and stored frozen at — 8Q°C. Blood samples were 
collected preexercise and 0, 15, 30, 120, and 180 min poetex- 
ercise. Subjects rested quietly in a seated position during the 
3-h postexereise recovery period. 

Blood analyses. Myoglobin was assayed in duplicate using 
a solid-phase 12B X-labeled RIA with a sensitivity of 10 ng/ml 
(American Laboratory Products, Windham, NH). Serum car- 
nitine was assessed in the presence of acetyl-CoA by measur- 
ing the CoASH set free during acetyl transfer to carnitine by 
the enzyme carnitine acetyl transferase. The CoASH was 
trapped with 5,5'-dithiobis-(2-nitrobenzoic acid) and mea- 
sured spectrophotometrically at 412 nra (28). Acetylcarnitine 



was calculated by taking the diff :renee between total carni- 
tine and free carnitine. Plasma ] actate and serum creatine 
kinase (Sigma Diagnostics, St. Li >uis, MO) were determined 
at 340 niii on a spectrophotomel er (Spectronic 801; Milton 
Roy, Rochester. NY). Serum hyp< xanthine and xanthine ox- 
idase were analyzed in duplicate using the Amplex Red 
reagent-based assay (A-22182; Molecular Probes, Eugene, 
OR). After a 30-min incubation it 37°C, absorbances were 
read on a microplate reader (W<: llac Victor; EG&G, Gaifch- 
ersburg, MD) at 580 ran. The abi orbance of the blank (zero 
standard) was subtracted from e; eh data point to standard- 
ise for background absorbance. FABP was determined in 
plasma using a solid-phase enzyu e-linked immunoabBorbent 
assay of the sandwich type (Hbt '. 1K4G2; Cell Sciences, Nor- 
wood, MA). Plasma MDA was det srmined using the methods 
described by Wong et al. (30) an 1 modified as described by 
McBride et al. (19). A phosphori : acid solution (0.44 moM) 
and a thiobarbituric acid solutio i (42 mold) were added to 
plasma samples and placed in a water bath (0°C) until 
analysis. A methanol-NaOH solut !on was added to the boiled 
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Fig. 3. Plasma xanthine oxidase (A) 
and plasma malondialdehvde (MDA; 
B) responses after 3 wk of either LCLT 
supplementation or placebo. See Fig. 1 
legend for description. *P £ 0.05 from 
corresponding preexercise value. #P < 
0.05 between corresponding LCLT and 
placebo values. 
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samples before being centrifuged to precipitate the plasma 
proteins. The protein-free plasma was extracted, and the 
absorhance was read at 532 nm on a spectrophotometer. All 
samples were thawed only one time, and all intra-assay and 
interassay coefficients of variance for each analyte were 
<10%. 

Statistical analyses. A two-way repeated-measures ANOVA 
was used to evaluate changes over time in the LCLT and 
placebo conditions. When a significant F-value was achieved, 
the Tukey's post hoc tests were used to locate the pairwise 
differences between means. The total area (serum concentra- 
tion X time) under the line connecting pre- and postexercise 
biochemical concentrations was calculated using the trape- 
zoidal method. The level of significance was set at P s 0.05. 

I&ESUX/FS 

Serum carnitine. Compared with placebo, serum to- 
tal, free, and acetylcarriitiae concentrations were sig- 
nificantly higher during LCLT at all time points mea- 
sured with the exception of acetylcarnitine values 



during D3, D4. and D5. Frt 
cantly reduced at 30 and 120 
placebo, whereas free carniti 
creased at 15 and 30 min po 
The acetylcarnitine respons 
changed during placebo, whe 
significantly increased from 0 
during LCLT (Fig. 1). 

Lactate response. There wer 
plasma lactate that peaked in 
(>10 mmol/1) and returned t 
tions by 120 min postexercisi 
were not significantly differ* 
placebo conditions. 

Purine catabolism. Plasma '. 
tions were significantly ele\ 
values up to 30 mhi postext 
placebo. The exercise-inducec 
cantly greater during placebo 



e carnitine was signifi- 
min postexercise during 
ae was significantly in- 
itexercise during LCLT. 
: to exercise was un- 
■eas acetylcarnitine was 
to 180 min postexercise 

a significant increases in 
.mediately after exercise 
) preexercise concentra- 
s. The lactate responses 
nt between LCLT and 

lypoxanthine concentra- 
ated above preexercise 
rcise during LCLT and 
responses were signifi- 
Preexercise serum uric 
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Fig. 4. Serum myoglobin CA), serum 
creatine kinase (B), and plasma fatty 
arid-bin 3ing protein (FABP; C) re- 
sponses after 3 wk of either LCLT sup- 
piemen! ation or placebo. See Fig. 1 leg- 
end for description. *P s; 0.05 from 
correspi nding preexercise value. #.P 
0.05 bei ween corresponding' LCLT and 
placebo '/allies. 
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acid concentrations were significantly, higher during 
the placebo vs. the LCLT condition. There were signif- 
icant increases in uric concentrations that peaked 
-120—180 min after exercise. Uric acid concentrations 
remained higher during placebo throughout the 4-day 
recovery period (D3-D6; Fig, 2). 

Free radical generation. Plasma xanthine oxidase 
concentrations were not significantly different at any 
time point during LCLT but significantly increased 
above preexercise values at 0, 15, and 180 min postex- 
ercise during placebo. Plasma MDA responses peaked 
immediately after exercise during both LCLT and pla- 
cebo. Plasma MDA returned to resting values by 15 
min postexercise during LCLT, whereas MDA re- 
mained significantly elevated above preexercise 
throughout 24 h of recovery during placebo (Fig. 3). 

Cytosolic proteins. Serum myoglobin concentrations 
peaked at 120 min postexercise, and the response was 
significantly greater during placebo. Serum myoglobin 
returned to preexercise concentrations the day after 
exercise during LCLT but remained significantly ele- 
vated throughout the 4-day recovery period during 
placebo. Serum creatine kinase activity was not signif- 
icantly increased at any time point during LCLT. How- 
ever, creatine kinase began to accumulate above base- 
line levels 2 days after exercise (D4) and continued to 
increase further 3 (D5) and 4 (D8) days after exercise 
during placebo. Plasma FABP responses to exercise 
were variable, increasing immediately after exercise 
during placebo and at 120 min postexercise during 
LCLT. Compared with LCLT, corresponding FABP 
values in the placebo group were significantly higher 
immediately after exercise and on the third day of 
recovery (Do; Fig. 4). 

Muscle disruption and perceived soreness. The per- 
centage of muscle tissue disruption assessed from MRI 
cross-sectional scans of the midthigh at D3 and D6 
were 23 ± 8 and 16 ± 5% for LCLT and 39 ± 5 and 
29 ± 6% for placebo, respectively. The percent muscle 
tissue disruption was significantly greater during pla- 
cebo. Perceived muscle soreness peaked the day after 
exercise and continued to decline throughout the 4 
days of recovery. Compared with corresponding values 
for LCLT, soreness ratings were significantly higher 1, 
2, and 4 days after exercise during placebo (Table 1). 

DISCUSSION 

The mechanical and biochemical stress responses to 
exercise are complex and involve activation of the ad- 
enylate kinase system, generation of reactive oxygen 
species, inflammatory responses, and disruption to the 
contractile apparatus and cell membranes that ulti- 
mately contribute to fatigue by adversely impacting 
the metabolic, structural, and functional integrity of 
muscle. Similar to ischemia-reperfusion, intense exer- 
cise creates a scenario for certain active muscle fibers 
that can lead to transient or prolonged episodes of 
hypoxia followed by reoxygenation at the cessation of 
exercise. In addition, high rates of ATP turnover con- 
tribute to a mismatch between ATP supply and de- 



Table 1. Eatings of perceived muscle soreness 







,CLT 


Placebo 


Preexercise (baseline) 


O.i 


±1.1 


0.1 ±0.2 


Postexercise 








Day 1 


4.1 


±1.8* 


5.8 + 1.8*1- 


Day 2 


4.: 


'±1.8* 


5.5±1.7*t 


Day 3 


3,: 


±1.2* 


2.1 ±1.3* 


Day 4 


l.i 


'±1.2 


1.8±0.6*t 



Values are means ± SD. Pain was assessed using a 10-cm linear 
visual analog scale (1 = no pain; 10 = extreme pain). LCLT, L-earni- 
tine L-tartrate. *P ^ 0.05 from cos responding preexercise value. 
tJP s 0.05 from corresponding LCLI value. 



mand. To examine the potent al for LCLT supplemen- 
tation to impact recovery fro* l exercise, we measured 
indicators of adenine nucleotic e degrad ation (hypoxan- 
thine and uric acid), free radi lal formation (MDA and 
xanthine oxidase), cell mem >rane damage (creatine 
kinase, FABP, and myoglol in), muscle disruption/ 
damage, and perceived muse e soreness. A major as- 
sumption of our working hypothesis was that LCLT 
supplementation would lead to an accumulation of 
carnitine in endothelial cells or prevent carnitine de- 
ficiency) and thereby increase blood flow, oxygen deliv- 
ery, and regeneration of ATF . In general, the results 
support; our hypothesis that L 3LT would attenuate the 
biochemical and structural sxess responses to high- 
repetition squat exercise. 

Serum total carnitine con< entrations were signifi- 
cantly higher during all time j oints of the study during 
LCLT supplementation, hid: eating good compliance 
with the supplementation p •otocol. During placebo, 
there was no change in the tc tal carnitine response to 
exercise; however, free carnit ine was significantly re- 
duced at 30 and 120 min posts exercise, and there was a 
slight increase in acetylcarnit ine. A decrease in serum 
free carnitine and an increase i in acetylcarnitine after 
intense exercise is in agrees sent with other studies 
that have examined carnitine responses to exercise (1, 
9). Although there are proport lonal changes in free and 
acetylcarnitine in muscle dui ing exercise, it is gener- 
ally accepted that the total mi scle carnitine concentra- 
tion is not altered during exer ise and does not interact 
significantly with carnitine m etabolism in the circula- 
tion (10). 

Plasma lactate responses tc squat exercise were sig- 
nificantly increased (>10 mmol/l) to a similar extent 
during LCLT and placebo, in heating a similar glyco- 
lytic and acid-base stress between conditions. High 
glycolytic rates are associated with accumulation of 
ADP and H + , which favor ac ivation of adenylate ki- 
nase and the formation of i 5 TP and AMP from two 
molecules of ADP. In muscle, MMP is oxidized to hypo- 
xanthine. Indeed, plasma hj poxanthine was signifi- 
cantly elevated above preexercise values during the 
early postexercise period, and the response was atten- 
uated by LCLT supplements ion, indicating a better 
match between ATP supply a id demand. 

During strenuous exercise, the inadequate genera- 
tion of ATP can cause ma [functioning of calcium 
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ATPase pumps and an increase in intracellular cal- 
cium, which in turn activates calcium-dependent pro- 
teases. These proteases cleave a portion of xanthine 
dehydrogenase, converting it into xanthine oxidase, 
which utilizes molecular oxygen as an electron accep- 
tor instead of NADH. Xanthine oxidase results in the 
generation of superoxide radicals during exercise (13), 
which can initiate lipid peroxidation and cell disrup- 
tion/damage (4). In this study, plasma xanthine oxi- 
dase was significantly elevated above preexercise val- 
ues during the 0 and 15 min postexercise time points 
during the placebo condition, whereas the exercise- 
induced response was eliminated during LCLT. The 
conversion of xanthine dehydrogenase to xanthine ox- 
idase occurs via calcium-dependent proteases in the 
cytosol (22). The significantly lower xanthine oxidase 
after exercise during LCLT indirectly suggests that 
either calcium pumps were operating more efficiently 
(perhaps because of better ATP supply) and/or there 
was less disruption to the xnuscle/sarcoplasmic reticu- 
lum membrane that would cause ionic disturbances 
resulting in accumulation of calcium in the cytosol. 

Inhibition of xanthine oxidase with ailopurinol dur- 
ing exercise has been shown to result in significantly 
less generation of reactive oxygen species, less accumu- 
lation of cytosolic enzymes (creatine kinase and lactate 
dehydrogenase), and less tissue damage after exhaus- 
tive exercise (4, 13, 27). In this study, the lower xan- 
thine oxidase response during LCLT was also associ- 
ated with less accumulation of reactive oxygen species 
(as measured by MDA), less accumulation of cytosolic 
proteins (as measured by circulating creatine kinase 
activity, myoglobin, and FABP), less tissue damage (as 
measured by MRI), and less subjective muscle soreness 
after squat exercise. 

Generation of the superoxide radical during intense 
exercise (presumably via endothelial xanthine oxidase) 
could initiate a series of tissue-destructive reactions, 
including lipid peroxidation. We used MDA as a quan- 
titative marker for free radical interaction with ceil 
membranes. There was a significant increase in 
plasma MDA to the squat exercise protocol that peaked 
immediately after exercise. We previously demon- 
strated that a whole body resistance exercise protocol 
resulted in significant increases in plasma MDA imme- 
diately postexercise (19). Plasma MDA returned to 
preexercise values by 15 min postexercise during LCLT 
but remained significantly above preexercise values for 
>180 min postexercise during placebo. The overall 
lower MDA response to the squat protocol indicates 
that LCLT resulted in less total exposure of cell mem- 
branes to the damaging effects of reactive oxygen spe- 
cies. Increased generation of reactive oxygen species 
would be predicted to cause greater disruption/damage 
to the sarcolemma and greater leakage of cytosolic 
proteins into the circulation. The extent of muscle 
damage measured using MRI and the accumulation of 
cytosolic proteins in the circulation were significantly 
reduced by LCLT, providing further evidence for a 
protective effect of LCLT on muscle disruption/dam- 
age. 



It has been proposed that F &BP and myoglobin rep- 
resent more useful markers i sr the early detection of 
exercise-induced muscle dam? ge because of their rela- 
tively rapid response, where a 5 the creatine kinase re- 
sponse to exercise occurs at e slower rate (26). In the 
acute 3-h recovery period aft ;r exercise, we observed 
significantly lower postexerci se myoglobin and FABP 
responses during LCLT. Cres tine kinase activity was 
not increased during LCLT 0 ■ placebo during the 3-h 
recovery period but progres sively increased above 
baseline beginning 2 days alter exercise during pla- 
cebo. The lack of a creatine ki lase response to exercise 
during LCLT is indicative 0 F less disruption to the 
sarcolemma. Similar to our fir dings, Giamberardino et 
al. (7) demonstrated that the c reatine kinase responses 
to a 20-min eccentric step lest were attenuated in 
subjects that consumed 3 g carnitine/day for 3 wk 
before exercise. 

Our data provide indirect evidence of a favorable 
effect of LCLT supplementatu n (2 g l- carnitine/day for 
3 wk) on endothelial blood fio n regulation during and 
after moderate-intensity squi t exercise, as evidenced 
by significantly less accumula ion of markers of purine 
degradation, free radical formation, tissue damage, 
and muscle soreness. Neith sr endothelial carnitine 
concentrations nor local bloo I flow was measured in 
this study to add more direct s apport to our hypothesis. 
However, the data do favor a s ignificant effect of LCLT 
on recovery stress responses acting via a cell/tissue- 
related mechanism. We favo * the vascular compart- 
ment as the target for the hex eficial effect of carnitine 
on exercise recovery response 5. 

We thank a dedicated group of su ijects for their participation in 
this study, and Dr, Andrea O. Schafl lauser. 

This study was funded by a grant f om Lonza Inc., Pair Lawn, NJ. 
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A staple method is described for She characterization »f acykamirioes by fast atom JsosBoardsssKiS t ttm spectrom- 
etry lis cosafefeatsen with cosstatst aeatrsl loss (CNL) ana. Acyicaraitmes ns arisss are extract© ; asiag eation- 
exctasge ctsrematagraglisy aad Privatized Jo tfeeir iso&aatyi esters. Use fragmeatatfoa patteras of ik ss« eosnaoradds 
are studied by varions Uaked-scaa methods including BjE, B*jB sisd BjE^/(l — £) scsaas, Aeyka assise ssobasyS 
esters are fmsd to lose two specific ogtitr&I fragment* simtiltaseeusly so tisai a CNL scan of the ■ omMsed msss 
pradwes a snssetj gatesosd spectntiB without most of the background peaks. An example is gives is <kich roe CNL 
seas is used to diagnose a patiest with tneditim-chab acyl CoA dehydrogenase deficiency. The as* of ikked-gcaa 
testaiipes to mesator s specific ittetastaMe ton fcrsasitioB eat! be expfcised for charscterMag stru iwrss&y related 
cosipoonds aad therefore the technique restarted in this paper may have much wider a&ssSieas* «s to mixture 
saalysis. 



INTRODUCTION 



Recent studies have shown that abnormalities in 
urinary excretion of acylcarnitines are associated with 
many disorders of organic acid metabolism in which 
acyl CoA esters accumulate in the mitochondria. 1 '" 3 
These acylcarnitines are formed in the mitochondria by 
the transesterincation of the accumulating acyl CoA 
esters with L-carnkine, via the action of carnitine acyl- 
transferases, in order to remove these potentially toxic 
acyl moieties and to restore mitochondrial homoeo- 
stasis. 5 The identity of these acylcarnitines is thus of 
considerable biochemical and diagnostic importance. 

Although these quaternary amino compounds are 
easily ionized by fast atom bombardment (FAB) giving 
prominent molecular ions, trace analysis of these 
metabolites in urine, normally excreted at mtcromolar 
levels, requires additional characterization such as 
linked B/E scan and accurate mass measurements. 3 
Recently tandem mass spectrometry has also been 
applied to the differentiation of certain isomeric acylcar- 
nitines* 

On a double-sector instrument, metastable ion tran- 
sitions occurring in the field-free region (FFR) can be 
monitored by scanning the electrostatic and magnetic 
sectors simultaneously. 3 This provides additional infor- 
mation on ion fragmentation and is particularly useful 
for "soft' ionization techniques such as FAB. Within the 
limits of instrumental resolution, these often character- 
istic metastable ion transitions can be exploited to 
improve the specificity of the analysts. 
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In this paper we report the us s of FAB mass spec- 
trometry in combination with the constant neutral loss 
(CNL) scan to identify acylcarnii sne mixtures as their 
isobutyl ester derivatives- The riajor metastable ion 
transitions of acykarnitme (C-,- C !0 ) isobutyt esters 
were also studied by B/E, B 2 / 1 and BjE^J(\ — E) 
linked-scan modes. The fraj mentation patterns 
obtained were compared with tho: e of the underivatized 
acylcarnitines. Hie potential use of these linked-scasi 
methods in the identification of acylcarnitines is dis- 
cussed. It has also been demonstr. ted in this study that 
constant neutral loss scan is a useful technique for 
removing background peaks in the FAB spectrum, 
which are often a problem in trace analysis 



EXPERIMENTAL 



Carnitine and acylcarnitines (C 3 -C 10 ) were obtained 
from either Sigma Chemical Co. Ltd (Poole, UK) or 
P-L Biochemkals Inc. (Milwaukse, Wisconsin, USA). 
Acylcarnitines in urine (typically i ml) were extracted 
using Dowex 50 cation-exchanj e resin followed by 
freeze-drying the eluale as describt d previously. 6 

The isobuty! ester derivatives >f acylcarnitines were 
prepared using a modified met'iod by Brenner and 
Huber. 7 The sample was dissolve i in isobutanol (1 ml), 
cooled to —7Q°C in a solid C0 2 - tcetone bath and then 
mixed with thionyl chloride (400 ul). The mixture was 
allowed to warm slowly to 45 "C i nd maintained at this 
temperature for 30 min. Excess reagents were then 
removed under nitrogen. The resii hue was redissolved in 
20-50 id of methanol ready for mi ss specfrometric mea- 
surement. 
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Figure 1 . FAB spectra of (a) rt-ijutyrylcarnitine and <b) its isoijuty! ester. Peaks iabsiied 'G' are giyeer >! rrsatrix ions. 



The mass spectrometer used was a JEOL DX-303 
forward-geometry double-sector instrument equipped 
with a JEOL DA- 5000 data system. Acylcarnitincs and 
their isobutyl esters were ionized by FAB using a xenon 
beam of 6 keV energy. The sample containing appro*- 
imately 1 ng of acylcarnitincs was applied onto the FAB 
target and glycerol was used as the sample matrix, 

Metastable ion transitions in the 1st FFR were 
recorded by various linked-scan methods, including B/E 



(daughter ion scan), B 2 /E (pare 
Ey/(i - £) (CNL scan). Collisio: 
(CID) was employee! in the B/E 
ducing helium into the collision cl 
at a pressure to give a 50% dec 
ion abundance. The resolution of 
was sei to 500 for all. measuremeE 
mass determinations were used t 
of certain fragment sons the reso: 



fit ion scan) and 8/ 
i-induced dissociation 
scan mode by irstro- 
amber in the 1st FFR 
ease in the precursor 
:he mass spectrometer 
ts, but when accurate 
> confirm the identity 
ution was set to 3000 




Figure 2. Buiyryleamitine isttbutyi ester spectra: (s) daughter ion scan of mjz 288; (b) precursor ion scars o mfe 8B; and {c) CNL of 

[m-its;r. 
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and the calculations were made using glycerol~PEG 200 
(1 : 1 v/v) matrix ions or other ions of known composi- 
tion as reference. 



RESULTS AND DISCUSSION 



Carnitine and its acyl conjugates were found to give 
very intense positive ion FAB spectra owing to the pre- 
sence of quaternary nitrogen. 1,2 Upon esterifkation of 
the carbosyl group a significant improvement in ion 
yield was observed, probably reflecting the increase in 
ionization efficiency sitae to the loss of zwitterionie struc- 
ture. 

The FAB spectra in all cases showed abundant 
molecular ions as exemplified by the spectra of n- 
butyryl carnitine and its isobutyl ester derivative, shown 
in Fig. I. B/E scan of the molecular ion of the isobutyl 
ester (m/z 288) under CID conditions gave daughter 
ions (Fig. 2(a)) similar to those from the underivatized 
n-buiyrylcaraitine which have been published pre- 
viously. 2 Daughter ions which were common to both 
the free acid and the isobutyl ester were found at m/z 58, 
85, 100 and [M - 88]"* . The structure of these fragment 
ions can be found in Fig. 3. 

Unlike the free acid and methyl ester* the iso- 
butyl ester did not show a [M — 59] + fragment ion 
corresponding to the loss of (CH 3 ) 3 N group or the 
daughter ion corresponding to the fragment of 
* CH 2 CH —CHCOOC a H 9 (see Figs 2(a) and 3). 

Precursor ion scan (B 2 /E) of the principal daughter 
ion at m/z 85 indicated that it was derived predomi- 
nantly from m/z 173 {Fig. 2(b)). This in turn was found 



Table I. Accurate mass tneasuremen! 5 of some issjor feag- 
mest to frons s-ikjtyrylcarai thus isahutyl ester 



QbttHVSd mass Fragmsni ion £mx (pprat) 

58.0656 C 3 H,N -2 

85.0300 C 4 H s O a +3 

100.-3130 C«H„,N *4 

173.0810 C,H„0 4 -2 

200.1840 C,,H a2 N0 2 -S 



to be derived directly from the m riecular ion (m/z 288) 
in another B z /E scan. This was i Iso confirmed by the 
CNL scan of the neutral fragrrent (115 daitons) as 
shown in Fig. 2(c). 

This characteristic loss of Y. 5 daitons from the 
molecular ion might either corres; iond to the single loss 
of — €H 2 COOC 4 H 9 fragment or the concerted loss of 
{CH 3 ) 3 N and C 4 H 8 from the mol* cular ion. In order to 
distinguish these two possible nechanisms accurate 
mass determination of all major daughter ions was 
carried out, and the results are sh< wn in Table 1. 

From the accurate mass meas srements. it was con- 
firmed that the neutral loss of 15 daitons from the 
molecular ion corresponded to he concerted loss of 
(CH 3 ) 3 N and C 4 H g fragments a; id not the single-step 
mechanism as we originally prop >sed. B This was inter- 
esting because neither [M ~ j CH 3 ) 3 N]* nor [M 
- CJrig]* ion was observed in i he daughter son spec- 
tram. 

Detailed study of the metastabE s ion transitions using 
Ca-Cjo acyEcarnitine isobutyl est :rs (see Table 2) indi- 
cated that they all showed an it entical fragmentation 



{CH3) 3 H-CH 2 -CH-CH i 
m/z. 100 



O 

+ « 

(CHt)3N-CH2-CH-CH2-C-0-R 

t 

o-c-e 3 H 7 
I) 
o 

M + H/z 232 K-H 

ro/z 288 R-C4K9 



(CH3)jN«CH 2 
m/z 58 



+ * 

CH2-CH-CH2-C-0-H 
i 

O-C-C3H7 
8 

0 

iti/Z 173 [34-53 } + R-H 

£M-li.5 3 + R-C4H9 



+ " 
CH2-CH-CH-C-0-H 



rn/z 85 
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[K-88] + sa/z 1«4 R-H 

as/z 200 E-C4H9 



Figure 3, Major ftagnrieiritasiors 



pathways for fres {R™'H} and ssterifiad (K-«C 4 H^ scytesrnitines as memplifit i by n-buiyryiearriitinB. 
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Table 2. The stisjor istaghter sobs of scylcsirasitiffie smisui y! esters obf smhxs ! 
CID of the moSecaSar ions 



Acyl chain M*" 



Daughter ion. m/s (%■)" 



Acetyi 


280 


58(57), 


85(100 


. 100(48), 145(41), 200(16) 




Butyry! 


288 


58 (52), 


85(100 


, 100(41), 173(36), 200(21) 


272(8) 


Hexanoyi 


316 


58(33). 


85(100 


, 100(26), 200(23), 201 (58) 


272(20) 


Qaanoyl 


344 


58(40), 


85(100 


, 100(28), 200(33), 22S(34) 


272(39) 


Dacanoyl 


372 


58(12), 


85(71), 


100(15), 200(27), 257(100) 


272(41) 


" These figures are expressed relative to ! 


he principal daughter Sort (100%). 



pattern as shows in Fig. 3. The neutral loss of 115 
daltons is very specific to acylcarnitine isobutyl esters, 
giving a much simplified neutral loss spectrum with the 
daughter ion [M - 1!5] + still retaining the acyl chain. 
The CNL scan was applied to a urine sample spiked 
with acylcarnitines (C 3 -C i( j) at approximately 10 tig 
ml -1 (iCK) iig of sample applied on-target). Figure 4(a) 
and (fa) compares the normal FAB spectrum of this 
sample with that obtained from the CNL scan, showing 
the improvement in the specificity and the quality of the 
spectrum. 

Figure 4(c) shows another example of a CNL scan of 
a urine sample obtained from a patient who was dia- 
gnosed as having medium-chain acyl CoA dehydroge- 
nase deficiency characterized by the large amount of 
octanoylcarnitine excreted in the urine. 1 The urine 
sample was also analysed for organic adds by gas 
chromatography/mass spectrometry (GC/MS), showing 
the presence of suberylglycine and medium-chain dicar- 
boxylic acids which confirmed this diagnosis. 



These results exemplify the wa; in which the linked- 
scan techniques are useful for t se identification of a 
series of structurally related co npounds in a crude 
mixture by monitoring a specific metastable ion tran- 
sition. The CNL scans shown h sre not only serve to 
characterize acylcarnitine peaks present in the FAB 
spectrum hut also help to remc e those 'background' 
peaks, resulting in a much enh tnced spectrum. One 
limitation of this method is that it cannot be used to 
distinguish structural isomers which can exist on the 
acyl chain. 

In principle the same method ;an be applied to the 
underivaiized acylcarnitines by scanning the neutral 
loss of S9 dallons, although thi > neutral fragment is 
neither specific nor sensitive enoi gh to give any signifi- 
cant improvement over the norms 1 FAB spectrum. 

We have discussed so far only t ic qualitative applica- 
tion, although quantification of aeyicamitines by this 
method is possible using isosope dilution analysis with 
labelled acylcarnitines as internal standards. Initial 
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Fijgssra 4. Acyicamitirias ssstracted from "spiked' urine sampfa and aslarified; (a) norms! FAB spsorurrs and (i i) constant nautrsi loss of 
[rrt - 1 15]+. (c) The CNL scar? of the ufine sample from a patient with medium-chain acyl CoA dshydrogsna: a deficiency, showing the 
mtms® QEtsnoyiearnitiiw isabuty! sstsr. 



672 



K. N. CHENG, J. ROSANKIEWICZ, B. M. TRACEY AND R. A. CHALMERS 




results using acetyl- and propionylcarnitine and their 
deuterated analogues as internal standards gave linear 
calibration curves over more than three orders of mag- 
nitude. 9 The same neutral loss scan is applicable to the 
analytes and their internal standards provided that the 
label site is not on the neutral fragments, 

One major advantage of the CNL scan over the B/E 
scan is that all acylcarnitines in the sample can be char- 
acterized in a single run. Although the signal intensities 
obtained in linked scans are usually one to two orders 
of magnitude lower than those from the normal scans, 
the increase in specificity often results in better signal to 
noise ratio. 

The presence of 'artefact' peaks in linked scanning 
of a double-sector instrument 10 can sometimes cause 
ambiguity in the interpretation of data, although this 
did not appear to be a problem in this study. Another 
potential problem with linked scanning on a double- 
sector instrument is that both B/E and B 2 /E scans suffer 
from poor precursor ion resolution and thai CNL scan 



suffers from poor fragment loss t isolation. These limi- 
tations, however, are not associai sd with a multi-stage 
quadrupole system, where the am lysis of these acylcar- 
nitines may be performed by mor. storing all the precur- 
sor or molecular ions which prods ce a specific daughter 
ion in order to obtain an 'acy carnitine profile'-like 
spectrum. 

Finally, it was also found that t se CID B/E spectra of 
acylcarnitines with an acyl chain ength longer than C 4 
gave a series of ions based on m/ ; 2! 6 (m/s 272 for the 
isobutyl esters) in increasing increments of 14 daltons 
(Fig. 5). These ion;; prcsum ibly correspond to 
[•~OCO(CHj),CH— CH;J + , w! icre Sis the carnitine 
moiety, and represent the C— C bond cleavage along 
the acyl chain, which will be usefi 3 in locating the posi- 
tion of a double bond in unsatura ed acylcarnitines. 
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